and cytoskeletal abnormalities in rabbits and in rats. 45, 72 Several recent clinical reports have led to an enhanced recognition of the potential risks associated with RHI as a result of participating in contact/collision sports. The shortcomings of existing epidemiological and clinical investigations, however, warrant a comprehensive experimental investigation to characterize pathophysiological changes and elucidate mechanisms underlying the sequelae of RHI. Current guidelines permit reentry of players into sporting events within 24 hours after an initial concussion. To address this and specifically investigate the possible cumulative effects of multiple traumatic insults to the brain, we subjected mice to a single mild TBI and subjected a subgroup of these animals to a second mild injury 24 hours later. We used clinically relevant outcome measurements, such as cardiovascular parameters; neurobehavioral tests of memory, learning, and neurological motor function; and detailed histological evaluation of BBB integrity, cell death, traumatic axonal and dendritic injury, and pathological changes associated with neurodegenerative diseases. We have developed an experimental model that can be used to facilitate our understanding of the molecular and cellular sequelae of repetitive, mild brain injury.
Materials and Methods

Animal Preparation
A total of 137 8-to 10-week-old adult male C57BL/6 mice were used in all experiments. The animals were housed in cages of four in an animal housing unit for at least 1 week before the experiments commenced. The mice were maintained at a constant temperature with a 12-hour light/12-hour dark cycle and were given unlimited access to food and water. After injury or neurobehavioral testing, which were performed during the light-on period, the animals were returned to their home cages.
Surgical Procedure
All animal procedures were conducted in strict accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals 69 and were approved by the Institutional Animal Care and Use Committee of the University of Pennsylvania. One hundred twenty-eight animals were initially anesthetized with pentobarbital (65 mg/kg body weight administered intraperitoneally) and placed on a heating pad to maintain body temperature during surgery. Each animal was placed in a stereotactic frame, and ointment was applied to the eyes to protect vision during surgery. A skin incision was performed and the skull was exposed. One group of 92 animals remained in the stereotactic head frame and was subjected to a single impact, which was delivered by a pressure-driven injury device that was mechanically identical to a previously described controlled cortical impact device. 16, 88 The impounder was rigidly mounted at an angle 20˚ from the vertical plane. Because no trephination of the skull was performed, the impactor tip was modified to reduce the incidence of skull fracture for this study. Material constants of the impactor and the diameter of the contact area determine the fracture threshold; 62 therefore, the diameter of the impactor tip was increased to 6 mm and covered with rubber. Using these modifications we achieved a very low fracture rate after concussive TBI in our set of animals (three of 92 traumatized mice).
To obtain a zero point, the impactor tip was carefully lowered until it touched the intact skull in the left parietotemporal region, midway between the lambda and bregma. During impact the tip was driven pneumatically 1 mm farther than the zero point, which caused a nonpenetrating blow to the exposed skull. The duration of impact was kept constant and velocity ranged from 4.8 to 5.6 m/second. The animal's head was fixed in a stereotactic frame. Although head movements have been shown to influence the type of injury, 54, 77 concussive-like TBI can be produced with the head immobilized. 91, 92 The procedure was completed with closure of the incision, which was performed using No. 4-0 silk sutures. Each animal was removed from the stereotactic frame, placed in a heated cage, and following recovery from anesthesia (as evidenced by ambulation), returned to its home cage.
Twenty-four hours after the first injury, a subgroup of 49 animals was again anesthetized by intraperitoneal administration of the same anesthetic agent (pentobarbital, 65 mg/kg body weight) and subjected to a second mild concussive brain injury in the identical location over the left parietotemporal region (RHI group). Thirtysix sham-injured animals were anesthetized and placed in the stereotactic frame, where the skull was exposed and the skin incision was sutured closed without brain injury.
Cardiovascular Measurements
A group of nine additional mice was subjected to a single TBI followed 24 hours later by a second mild TBI and evaluated for changes in BP after each brain injury to monitor whether the mice may have been exposed to secondary insults such as hypotension, which could influence our results. We chose to monitor arterial BP by using a noninvasive computerized tail-cuff system. The BP was recorded by placing one occlusion cuff (proximal) and one sensor cuff (distal) at the base of the tail. The cuffs were connected to a computer via a monitor interface. Individual BP measurements were made using this system over a 15-second period, which included inflation of the occlusion cuff, during which the tail blood flow was progressively reduced and stopped. The sensor cuff was used to detect the signal from the blood flow in the tail, which was sent to the computer to display the measured SABP, DABP, and the calculated MABP according to the following formula: MABP = DABP ϩ (SABP Ϫ DABP)/3.
During all cardiovascular studies, tail temperature was maintained at 38˚C by using a specific warmer and thermometer. Blood pressure was monitored in the anesthetized mice before the first head injury and at regular 5-minute intervals following brain injury over a 1-hour observation period. Twenty-four hours later, at the time of the second injury, BP was again measured after induction of anesthesia and prior to injury, to evaluate whether the second dose of anesthetic agent could cause hypotension. Blood pressure was then measured at regular intervals of 5 minutes throughout a 1-hour postinjury study period. This paradigm allowed us to repeat BP measurements in the same group of animals (paired analysis) before and after the first and second injuries.
Using this method, noninvasive measurement of BP in mice is reproducible and the data obtained have been shown to correlate with data obtained using intraarterial BP measurements. 48 One advantage of this noninvasive monitoring system is that it permits monitoring of BP without the necessity of maintaining the animals in a forced supine position, because it has been reported that detrimental effects of hypotension following mild concussion can persist for as long as 45 to 60 minutes postinjury. 41 
Assessment of Cognitive Function
The training and memory testing paradigm afforded by the MWM used in this study has been previously described in detail for the mouse following TBI. 66, 85, 87, 88 Briefly, the MWM is a circular pool 1 m in diameter that is painted white inside. 65 The water (16-18˚C) filling the pool is made opaque by adding nontoxic, watersoluble white paint. Fifty mice were trained during 10 trials per day for 2 consecutive days prior to injury to locate a stationary, submerged platform (0.5 cm below the surface) by using external cues. The essential feature of the maze is that animals can escape from the cold water onto the platform after being placed randomly at one of four sites in the pool. Only mice demonstrating the ability to find the platform (average latency Ͻ 20 seconds in nine of 10 training trials on Day 2) were used in the experiments. Using this criterion, five animals were excluded from further assessment of posttraumatic cognitive function. At 7 days following head injury, 11 sham-injured animals, 17 animals subjected to a single TBI, and 17 animals that received RHI were tested for memory retention of the visuo-spatial task. The platform was removed, and all mice were given 1 minute to swim in the MWM while a computer-video unit recorded their swimming patterns. Scores were assigned according to time spent in various zones of the MWM, and a memory score was calculated weighting the time spent in each zone according to the proximity to the previous platform site. 66, 85, 87, 88 To test for impairment of learning ability, a separate group of mice (15 sham-injured animals, 16 animals subjected to a single TBI, and 16 animals subjected to an RHI) received no training in the MWM prior to injury. At 56 days postinjury, these animals were tested for their ability to learn the visuospatial task in the MWM over a 2-day period, following the identical protocol described earlier, and were tested the following day (Day 58) for retention of the learned task (probe trial), details of which were originally described in the rat.
1,75
Motor Function
To avoid the possibility of fatigue contributing to results in the multiple tests used for evaluation of neurological motor function, we restricted the number of tests to two for each animal. Therefore, animals were randomly assigned to different tests prior to injury or sham (control) surgery.
Composite Neuroscore. The composite neuroscore includes the results of a battery of tests that previously was used to detect motor function impairment following TBI in the rat 60, 61 and, after modification, in the mouse. 66, 68, 85 It consists of the following: 1) forelimb flexion response during suspension by the tail; 2) resistance to lateral pulsion; and 3) response of the hindlimb and toes (hindlimb flexion) when raised by the tail. At 3 days and 7 days (23 shaminjured mice, 25 mice with a single TBI, and 27 mice with RHI), and at 14, 21, 28, and 56 days postinjury (14 sham-injured mice, 16 mice with a single TBI, and 16 mice with RHI), an investigator blinded to the injury status of the animal gave each animal a score ranging from 4 (preinjury control status) to 0 (afunctional). The neuroscore assessment also included the ability of the animal to stand in place in each of four directions (facing up, down, to the right, and to the left) on an inclined plane (angle board) as the height of the board (angle) was decreased. The maximum angle at which the animal could stand for a duration of 5 seconds was recorded before and after injury, and the animal was given a score based on the difference between preinjury and postinjury performance, where 0˚ = 4, 2.5˚ = 3, 5˚ = 2, 7.5˚ = 1, and 10˚ or more = 0. Scores for all four directions were averaged and summed with other test scores for a maximum possible composite neuroscore of 15 points.
Rotarod Performance Test. The rotarod performance test is a reliable indicator of motor deficits after experimental TBI in rats 33 and has been modified for evaluation of motor deficits in mice. 21, 22, 66, 78, 85 Motor function was assessed by recording the latency period during which the animal remained on a rotating rod. The rod (36-mm outer diameter) had a rubber surface and rotated with an initial velocity of 1 cm/second and an acceleration of 1.75 rpm/second. Animals were acclimated to the rotarod test prior to injury, and the trial was terminated if the animal fell completely off the rod or gripped the device and spun around past the lowest point. Four trials were performed at intervals of 5 minutes each, and the two middle latencies measured at 3, 7, 14, 21, 28, and 56 days after injury were averaged to yield a performance value for each animal over the entire evaluation period (11 sham-injured mice, 12 mice with a single TBI, and 12 mice with RHI), according to previously published protocols. 33 Rotating Pole Test. The RP device was previously developed and characterized to evaluate motor dysfunction following cerebral ischemia 42 or TBI in rats. 58 To acclimate mice prior to injury, animals were placed onto the platform of the device and kept there for 10 minutes. Then the mice were trained to walk across a wooden pole, 3 cm in diameter and 85 cm in length, while the pole was stationary or rotating at 1, 3, or 5 rpm in either direction, and the animal's faulty steps, or footfaults, were recorded. Following brain injury, the RP test was assessed at 3 days and 7 days (12 shaminjured mice, 15 mice with a single TBI, and 16 mice with RHI), and at 14, 21, 28, and 56 days (nine sham-injured mice, 10 mice with a single TBI, and 11 mice with RHI) by recording the number of footfaults (slips) during two trials, which were performed with the pole stationary or rotating at each of the training speeds (1, 3, and 5 rpm) in either direction (left and right). Because the previously described scoring method 58 was not applicable to the mouse, the count of footfaults in all these trials was made and the raw data were summed for each mouse and then statistically compared.
Histological Analysis. A broad variety of studies investigating posttraumatic sequelae in mouse models in our laboratory and others have been conducted with a planned animal survival time of 1 week after TBI. 11, 66, 67, 78, 87 It therefore seemed reasonable to begin a thorough investigation for transient histological effects at that specific time point. Authors of other studies, however, have pointed out that trauma-induced neurodegeneration seems to be an ongoing process, revealed by an increase in cortical damage over time 10, 12, 85 and axonal damage occurring for weeks. 10, 51, 75 To assess more slowly developing histological alterations, a time point 8 weeks postinjury was also chosen. At either time point, the animals (seven-nine/time point/group) were given an overdose of anesthetic agent (sodium pentobarbital, 200 mg/kg) and were perfused intracardially with heparinized saline followed by 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). The mice were decapitated and their brains were stored overnight at 4˚C in fixative. The following day the brains were removed, cut into 2-mm-thick coronal blocks, transferred to 0.1 M phosphate buffer (pH 7.4), processed in an automated tissue processor, and embedded in paraffin. Six-micron-thick coronal sections were cut on a microtome and stained with cresyl violet. The results of previous experimental studies have suggested that the hippocampal CA3 region and the apex of the hilum of the dentate gyrus are selectively vulnerable to TBI in mice. 66, 67, 87, 88 Therefore, cell counts were performed at a site 1.8 mm posterior to bregma in these regions with damaged neurons identified by criteria previously established in the rat. 52, 98 One slide per animal was randomly chosen, and cell counts were performed at a magnification of ϫ 200. Starting at the junction of CA2 and CA3, 23 three consecutive microscopic fields were counted in the hippocampal CA3 pyramidal layer. To count cells in the hilum of the dentate gyrus of the hippocampus, the medial end of the CA3 cell layer was located on the identical slide, and all cells between the upper and the lower blade of the dentate gyrus were counted according to a protocol established for the rat. 52, 98 All cell counting was performed by one investigator (S.H.) who was blinded to the injury status of each animal.
Immunohistochemical Analysis
Integrity of the BBB. Immunohistochemical analysis for mouse IgG was used to assess the integrity of the BBB. Because disruption of the BBB is an early event after TBI, 93 the animals were given an overdose of sodium pentobarbital (200 mg/kg administered intraperitoneally) 1 day or 2 days after a single TBI (five mice/time point), sham injury (two mice/time point), or 1 day after RHI (that is, 2 days after the first injury, five mice). The animals were killed by intracardiac perfusion with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). The brains were removed and placed in fixative for 1 hour. Coronal sections (50 m thick) were cut from the level of the anterior caudate to the lower medulla oblongata on a vibratome. Immunoglobulin G immunoreactivity was detected using a previously described protocol 88 with biotinylated horse anti-mouse IgG (concentration 1:100) as the primary antibody, followed by avidin-biotin-horseradish peroxidase complex (concentration 1:1000; ABC Elite kit), and p-dimethylaminoazobenzene as the chromogen. Adjacent sections incubated with NHS/ PBS instead of primary antibody served as negative controls.
Traumatic Axonal Injury. Immunostaining for ␤-APP has been shown to be a sensitive indicator of TAI after mild head injury. 6, 59 Immunohistochemical analysis for ␤-APP was performed on paraffin-embedded, 6-m-thick sections taken from a site 1.8 mm posterior to bregma. Brains from animals killed at 7, 28, or 56 days after sham surgery, single TBI, or RHI (four-seven mice/time point/group). After deparaffinization, sections were heated in a microwave oven for 5 minutes for antigen retrieval and incubated with mouse anti-␤-APP (concentration 1:40), as previously described. 76 Adjacent slides incubated with NHS/PBS instead of primary antibody served as immunological negative controls.
Because gross observations of our slides indicated that the ipsilateral thalamus displayed the greatest level of ␤-APP accumulation, this region was chosen for quantification. Therefore, images of the ipsilateral thalamus located 1.8 mm posterior to bregma were captured for each animal by using an image analysis system. Threshold optical density was obtained to discriminate background from positive immunoreactivity, and the total area of ␤-APP immunoreactivity was measured by an investigator blinded to the injury status of the animals.
Acute Neurodegenerative Changes
Staining for A-␤. Immunostaining for A-␤ was performed using antibody 2332, a rabbit polyclonal antibody raised against amino acids 1 through 17 of A-␤ at a dilution of 1:4000. Sections were immunostained after the slides were boiled in sodium citrate (10 mM, pH 6.5) for 10 minutes for antigen retrieval, and biotinylated goat anti-rabbit IgG (concentration 1:1000) was used as a secondary antibody. Adjacent slides incubated with NHS/PBS instead of primary antibody served as negative controls.
Staining for MAP-2. Because changes in immunoreactivity for MAP-2 are considered a sensitive indicator for cytoskeletal damage following TBI, 20, 51, 82 sections adjacent to those used for A-␤ and tau were deparaffinized and immunostained with anti-MAP-2 (concentration 1:1000) following a protocol recently established. 82 Staining for Tau. Because aggregation of tau has been described following repetitive head injury, 24, 25 immunostaining for tau was performed. Antibody 17026, a rabbit polyclonal phosphorylationindependent antibody capable of "recognizing" both soluble and insoluble mouse endogenous tau 39 was used in a concentration of 1:10,000 following an established protocol. 39 
Statistical Analysis
Learning latencies determined by the MWM, animal body weight, and RP scores are parametric data and are presented as means Ϯ SEM. These data were compared using multivariate ANOVA for repeated measurements, followed by Newman-Keuls post hoc tests. Rotarod performance, histological cell counts, area of ␤-APP immunoreactivity, and memory and probe trial scores obtained during the MWM testing are given as means Ϯ SEM and were compared using a one-way ANOVA with Newman-Keuls post hoc comparisons where appropriate. Comparisons of neuroscores were performed using nonparametric tests (KruskalWallis ANOVA followed by Mann-Whitney U-tests for individual comparisons). In all comparisons, a probability value less than 0.05 was considered statistically significant.
Sources of Supplies and Equipment
The C57BL/6 mice were obtained from Jackson Laboratory (Bar Harbor, ME) and were housed in units available from Thoren (Hazelton, PA). Columbus Instruments (Columbus, OH) manufactured the noninvasive computerized tail-cuff system (Columbus NIBP) used to obtain cardiovascular measurements. The Hypercenter XP automated tissue processor was purchased from Shandon Scientific Instruments (Cheshire, UK). Biotinylated horse anti-mouse IgG and the ABC Elite kit were acquired from Vector Laboratories (Burlingame, CA). The mouse anti-␤-APP (No. 22C11) and anti-MAP-2 (clone AP20) were purchased from Boehringer Mannheim (Indianapolis, IN) and the biotinylated goat anti-rabbit IgG from Jackson ImmunoResearch (West Grove, PA). The MCID M4 image analysis system was obtained from Imaging Research (St. Catherines, ON, Canada).
Results
Measurements of body weight in subgroups of animals (25/group) prior to surgery revealed no significant differences. Both sham-and brain-injured animals gained weight over the entire study period, indicating that neither a single TBI nor RHI had a negative influence on body weight (data not shown). A brief period of apnea (3-19 seconds) was observed in 15 animals after the first impact; this was transient in 14 animals but was prolonged and resulted in the death of one mouse. After the second impact, nine mice displayed transient apnea (6-21 seconds) and two animals experienced prolonged apnea and later died.
No overt seizures were observed after a single TBI or RHI, and the animals regained ambulatory function within 90 to 120 minutes after induction of anesthesia regardless of the particular injury status. Three animals sustaining skull fractures at the impact site were excluded from the study.
No evidence of subarachnoid hemorrhage was observed following a single TBI in any animal evaluated. Subsequent histological analysis confirmed the observation; however, the presence of slight pial hemorrhage and a thin film of hemorrhage over the cortical surface was documented in 5% of animals subjected to RHI, suggesting that surface venules may have been damaged in a small subpopulation of animals. It is unlikely, therefore, that subarachnoid hemorrhage contributed significantly to the histological changes observed in the present study. 
Cardiovascular Function
Cognitive Function
All animals (sham-injured control mice and mice receiving a single TBI or RHI) were able to swim without any sign of functional motor impairment, based on similar swim distances and mean swim speeds during the memory and probe trials (data not shown). Seven days after surgery, sham-injured animals were able to locate the hidden platform site, indicating that the mice had retention of the water maze visuospatial task. Memory scores of animals subjected to either a single TBI or RHI were not significantly different from those of sham-injured animals, indicating that a single TBI or RHI did not influence memory retention of the water maze spatial task at 7 days postinjury ( Fig. 2A) .
Sham-injured animals demonstrated the ability to learn a visuospatial task 56 days and 57 days after undergoing surgery (Fig. 2B) , and the latencies recorded for these mice were similar to those recorded for naïve animals (data not shown). Animals subjected to either a single TBI or RHI demonstrated a similar ability to learn the new visuospatial task when evaluated 56 days and 57 days postinjury, with latencies that were not significantly different from shaminjured animals (Fig. 2B) , indicating that neither a single TBI nor RHI influenced learning ability assessed during the chronic postinjury period. Performance in the probe trial conducted 58 days postinjury was similar across all groups, again indicating that neither a single TBI nor RHI significantly impaired the ability of those animals to remember the learned task (Fig. 2C) .
Neurological Motor Function
Composite Neuroscore. Sham-injured animals displayed no impairment in neurological motor function after anesthesia and surgery. Although a mild, but significant deficit in neurological motor function was observed at 3 days postinjury in animals subjected to a single TBI ( Fig. 3A ; median score 14.5, p Ͻ 0.05 compared with sham-injured control group), by 7 days postinjury, neurological motor function had recovered to values of sham-injured control animals. Nevertheless, impairment in neurological motor function was significantly more pronounced in animals subjected to RHI 3 days after the first injury when compared with results obtained from animals that received a single TBI or animals that were uninjured ( Fig. 3A ; median score 13.75, p Ͻ 0.001 compared with sham-injured group, and p Ͻ 0.05 compared with mild TBI group). Moreover, this neurological motor function impairment persisted in animals subjected to RHI up to 7 days after injury ( Fig. 3A ; median score 14.25, p Ͻ 0.001 compared with sham-injured group, and p Ͻ 0.05 compared with mild TBI group). By 14 days postinjury, the neuroscore in both injured groups was equivalent to those of sham-injured groups (Fig. 3A) and remained unchanged for the remaining observation period (data not shown).
Rotarod Performance Test. During the acclimation period prior to injury, all animals showed similar latencies in rotarod test performance (data not shown). Animals subjected to a single TBI exhibited performance scores equivalent to sham-injured control animals (Fig. 3B ). In contrast, animals subjected to RHI were impaired in their ability to stay on the rotarod, resulting in a significant deficit in their performance scores compared with control (uninjured) animals (p Ͻ 0.05) and animals subjected to a mild TBI (p Ͻ 0.05; Fig. 3B) .
Rotating Pole Test. Naïve mice displayed few, if any, footfaults during the training period prior to operation (data not shown). No increase in footfaults on the RP test indicative of motor dysfunction was observed in either sham-in-
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Repetitive head injury in the mouse jured animals or animals subjected to a single TBI during the entire observation period (Fig. 3C) . Nevertheless, animals subjected to RHI showed a marked increase in footfaults by 3 days after injury, which was significantly different from sham-injured animals (p Ͻ 0.001). After an intermediate period of recovery, animals subjected to RHI showed a profound second increase in the number of footfaults while crossing the pole. This delayed neurological impairment was found to be highly significant at 56 days compared with animals subjected to sham injury (p Ͻ 0.001) or a single mild TBI (p Ͻ 0.001; Fig. 3C ).
TA
Characteristics and severity of hydrocephal
Evaluation of Histological Cell Loss
Examination of coronal brain sections stained using the Nissl method revealed no overt histological damage or focal lesions in the cortex, hippocampus, or hilum of the dentate gyrus in animals subjected to sham injury (data not shown) or animals subjected to either a single mild TBI (Fig. 4A) or RHI (Fig. 4B ) 56 days after injury. Quantification of hippocampal neurons revealed no overt cell loss in the CA3 subregion of the hippocampus (Fig. 5A) or at the apex of the hilum of the dentate gyrus (Fig. 5B ) in the left (injured) or right (uninjured) hemisphere in shaminjured animals or animals subjected to a mild single TBI or RHI at either 7 days or 56 days postinjury.
Integrity of the BBB. Immunohistochemical testing for IgG revealed no specific staining in sham-injured control animals (data not shown). A small area of immunoreactivity for mouse IgG was observed in three of five animals subjected to a single mild TBI at 24 hours and 48 hours after trauma (Fig. 4C) . In contrast, a pronounced and widespread area of IgG immunoreactivity, suggestive of a substantial breakdown of the BBB, was observed in four of five animals subjected to RHI 1 day after the second impact. This area included the cortical regions directly beneath the impact site and the underlying white matter and adjacent cortical areas (Fig. 4D) .
Examination for TAI. Immunohistochemical testing for ␤-APP revealed no specific staining in sham-injured animals (data not shown). Animals subjected to a single TBI displayed no immunoreactivity for ␤-APP at 7 days postinjury, and mild ␤-APP immunoreactivity was observed in the external capsule or lateral thalamus at both 28 days and 56 days after trauma (Fig. 6A-C) . Similarly, animals sub-
FIG. 3. Bar graphs depicting neurological motor function determined using a composite neuroscore (A), results of the rotarod test (B), and results of the RP test (C) following sham injury (open bars), single TBI (gray bars), or RHI (black bars).
Mice subjected to a single TBI exhibited mild impairment in the neuroscore when compared with sham-injured mice at 3 days postinjury but recovered within 1 week. The RHI caused a more pronounced and prolonged deficit, as detected by significantly lower composite neuroscores (A). The average time remaining on the rotarod over the entire investigation period was significantly lower in animals subjected to RHI (B), whereas no significant deficit could be detected in animals that received a single impact (B). The number of footfaults made while traversing the RP was not significantly different between control animals and mice subjected to a single TBI (C). Animals subjected to RHI showed an increase in footfaults at 3 days and 56 days after the second impact (C). Data are presented as means ϩ SEM. *p Ͻ 0.05 compared with sham-injured animals, **p Ͻ 0.001 compared with sham-injured animals, #p Ͻ 0.05 compared with a single TBI; ##p Ͻ 0.001 compared with animals with a single TBI.
FIG. 4.
Photomicrographs of histopathological specimens following single TBI or RHI. Nissl staining revealed no overt histological damage or focal lesions in the cortex or hippocampus in animals subjected to either a single TBI (A) or RHI (B) 56 days after injury. Immunostaining for mouse IgG revealed a small area of immunoreactivity restricted to the cortex (arrowhead) in three of five animals subjected to single TBI (C) 48 hours after trauma. Immunoglobulin G immunoreactivity was observed in the cortex, subcortical matter, and hippocampus of four of five animals 1 day after RHI (D, arrowhead). Scale bar = 1 mm.
jected to RHI displayed no ␤-APP immunoreactivity at 7 days postinjury; however, pronounced ␤-APP immunoreactivity was detected at both 28 days and 56 days postinjury in animals subjected to RHI in the ipsilateral lateral thalamus (Fig. 6D-F) . Quantification of the area of ␤-APP immunoreactivity in the ipsilateral (left) thalamus revealed no significant changes in animals subjected to sham injury at any time point investigated (7, 28, and 56 days; Fig. 7) . Animals subjected to a single TBI exhibited small increases in the area of thalamic ␤-APP immunoreactivity at 28 days and 56 days after trauma, which were not significantly different from sham levels (Fig. 7) . In contrast, animals subjected to RHI showed a marked increase in the thalamic area of ␤-APP immunoreactivity at 28 days postinjury (p Ͻ 0.005 compared with the sham-injured group; p Ͻ 0.005 compared with animals subjected to a single TBI), which had subsided by 56 days postinjury (Fig. 7) .
Evaluation of MAP-2 Immunoreactivity. No regional loss of MAP-2 immunoreactivity in the cortex was detected in animals subjected to sham (control) procedures (Fig. 8A) or a single mild TBI (Fig. 8B) . In contrast, more than half of the animals subjected to RHI revealed shrunken or irregular MAP-2 immunoreactive dendritic processes directly beneath the impact site 7 days after RHI (Fig. 8C) . By 28 days after RHI a regional loss of MAP-2 immunoreactivity was observed (Fig. 8D) , which was sustained to 56 days (data not shown).
Examination for Tau and A-␤. Immunohistochemical labeling for A-␤ or tau did not reveal any deposits or plaques containing A-␤ or tau in any group investigated (sham-injury, single TBI, and RHI groups) up to 56 days after injury (data not shown).
Discussion
In the present study, we observed important cumulative effects of two episodes of mild TBI leading to pronounced and prolonged functional neurological deficits and histopathological damage compared with animals who sustained only a single mild TBI. To our knowledge, this is the first experimental study in mice to demonstrate exacerbated functional impairment and neuropathological changes after RHI. In contrast with recent reports indicating that ischemic preconditioning leads to tolerance against a second ischemic insult 2, 89 or moderate TBI, 74 our data indicate that the brain may acquire an increased vulnerability to a second mild traumatic injury for at least 24 hours following an initial episode of mild TBI. In view of the high incidence of mild TBI and the subsequent risk of repetitive TBI, these novel observations have important implications
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Repetitive head injury in the mouse for understanding the pathobiology and consequences of repetitive brain injuries as well as for developing more effective treatments.
Mild human TBI is not typically associated with macroscopic structural central nervous system lesions, 28 but posttraumatic edema formation 94 or changes in cerebral blood flow and metabolic rates 55, 70 have been reported. Additionally, authors of a number of studies have suggested that TAI results from TBI over a wide range of severity in humans. 6, 64 Because a single episode of mild TBI in mice subjected to our experimental paradigm did not result in overt neuronal loss but did induce a small focal breach of the BBB as well as mild TAI, our experimental model appears to reproduce several features of mild TBI in humans. Moreover, a second episode of mild TBI within 24 hours after the initial insult caused a marked and widespread breakdown of the BBB, with intraparenchymal extravasation of serum constituents. These results are consistent with those of a previous report that experimental RHI caused a pronounced disturbance in the BBB, 72 and studies in humans showing that repetitive TBI is associated with swelling and edema in a high percentage of cases. 9, 46 Taken together, these findings suggest that BBB breakdown might be associated with the detrimental sequelae observed after RHI.
It is important to note that the neither a single TBI nor RHI was associated with any decrease or alteration in systemic BP, indicating that it is unlikely that the effects of the second impact are due to secondary hypotension. Previously it was shown that hypotension following concussive brain injury exacerbates minor head injury. 41 In our studies, the induction of anesthesia produced a slight reduction in BP, with a progressive increase over time during recovery from the anesthesia to values consistent with those observed in naïve animals (SABP 125 Ϯ 6 mm Hg, DABP 82 Ϯ 6 mm Hg, and MABP 97 Ϯ 5 mm Hg) and in agreement with BP measurements previously described when this method was used. 48 These data indicate that the detrimental effects observed following a second impact are due to the secondary traumatic event rather than to superimposed hypotension.
Several investigators have reported that impairments in learning and memory are common sequelae of mild-tomoderate brain injury in humans, 79, 90 although in other clinical neuropsychological investigations researchers could not detect differences in a comparison of patients suffering from mild TBI 71 or RHI with patients in an appropriate control group. 4, 44 Cognitive deficits in experimental moderate-to-severe TBI models correlate with hippocampal damage, 32, 34, 52, 88 although some authors have reported cognitive deficits in the absence of overt hippocampal cell loss. 16, 53, 84 In the present study, it was somewhat disappointing that we could neither detect cognitive dysfunction after a single TBI nor after RHI. It is possible that neither a single mild impact nor RHI in our experimental setting leads to cognitive dysfunction. Alternatively, the MWM paradigm used in the current study, which has been predominantly used to evaluate cognitive function after moderateto-severe experimental head trauma, may not be sensitive enough to detect subtle cognitive alterations after a single or repetitive experimental mild head injury. Indeed, cognitive deficits have not been observed in other studies of mild experimental TBI in rodents in which the MWM was used. 17, 21 After a single mild TBI, the composite neuroscore test of neurological motor function revealed a transient and minimal impairment, whereas the rotarod and RP tests did not show deficits. This is consistent with reports of selective behavioral deficits after mild TBI in experimental 35 and clinical 31, 47 investigations. Remarkably, we observed that a second mild injury that occurred 24 hours later led to significantly greater impairment in each of the three tests of neurological function up to 8 weeks postinjury. Although the magnitude of neurological motor dysfunction was not identical for all neurological tests employed, this was not surprising because certain tests (such as the RP test) are used to evaluate primarily vestibulomotor function, whereas others (such as the rotarod test) are used to assess coordinated movements and endurance. The histological basis for the significant increase in the number of RP footfaults at 56 days postinjury is unknown and should be further investigated. Although a confounding effect of the additional injection of pentobarbital for induction of the second brain injury cannot be completely ruled out, the long interval between this additional injection and the first behavioral testing period (48 hours after injection) in combination with the known halflife of the drug in mice (60 minutes), 3 makes this possibility unlikely. Therefore, the observation of an exacerbated neurological impairment is likely due to the effects of RHI. These results are similar to those reported following sequential mild fluid-percussion brain injury in rats 45 and to clinical reports of exacerbation of behavioral deficits in cases of multiple concussions. 15, 56 These findings, taken together with reports of increased neurological impairment and histological damage after TBI and posttraumatic ischemia and hypoxia, 14, 40, 41 are suggestive of an increased vulnerability of the brain after mild TBI. Although a number of mechanisms are likely to contribute to this impairment and dysfunction following mild TBI, the exact mechanism for this increased vulnerability and an understanding of this posttraumatic pathobiology remain speculative. Nevertheless, the results of experimental studies have indicated that ion dyshomeostasis 19, 83 and metabolic alterations 36, 37, 97 persist for days following concussive TBI, without creating overt morphological damage, and may represent the pathological basis for an increased vulnerability.
Despite robust epidemiological data indicating an increased risk for neurodegenerative disease after TBI 29, 73 and reports of A-␤ and tau pathological conditions in the brains of patients who sustain repetitive TBI such as boxing injuries, 24, 80 there are no published studies showing that multiple episodes of TBI induce specific neurodegenerative conditions in an experimental model. Although the rapid and pronounced accumulation of ␤-APP induced by repetitive mild head injury, in our paradigm, prompts us to hypothesize that this may reflect an early stage of a neurodegenerative process, because ␤-APP might give rise to subsequent accumulations of A-␤, 5,26,27,63 we did not detect A-␤ deposits or tau pathological conditions by 56 days after either a single mild TBI or RHI in the mice studied here. In other experimental TBI studies of rodents, however, researchers have also failed to observe acute or chronic A-␤ accumulation. 75, 76, 87 Although the lack of observable brain deposits of A-␤ after experimental TBI contrasts with findings of a recent study of diffuse brain injury in pigs, 86 this might be due to differences in the experimental paradigms of the two studies, the severity of the TBI, or the species studied. The observation that ␤-APP is significantly increased following RHI at 28 days but not 56 days may be due to a slowing of axonal transport at 28 days postinjury, to increased clearance of ␤-APP by Day 56, or to increased cell death of neurons over time following brain injury. Further investigation is warranted to elucidate the mechanisms underlying the increased risk for neurodegenerative disease in patients who sustain TBIs many years before the onset of a neurodegenerative disorder.
Recent reports have revealed the potential risks associated with RHI as a result of participation in contact/collision sports. We believed that the inherent limitations of existing clinical investigations warranted a comprehensive experimental evaluation of the cellular and behavioral sequelae of RHI. Our model does appear to reproduce certain specific features of mild, repetitive concussive brain injury, including disorientation and alterations in vestibulomotor function. We were disappointed not to discern the transient cognitive deficits that have been reported clinically. 7, 50 Researchers from other laboratories have reported the occurrence of transient cognitive deficits following mild concussive brain injury in mice 91 and rats 84 in the absence of histological changes in the hippocampus. It is possible that our MWM test paradigm was not sensitive enough to assess very transient or subtle cognitive behavioral changes induced in this model. Taken together, we have shown that RHI in mice leads to long-lasting alterations in neurological motor function and neuropathological changes that were not observed after a single mild TBI. It is important to note that the effects of the second impact are not merely additive but may be multiplicative with respect to its effects on physiological processes and neurobehavioral deficits. Because the pathological cascade induced by repetitive mild TBI has not been completely elucidated, the new model system described here will facilitate further research to investigate neurobehavioral and histopathological changes after minor, repetitive head trauma, and to develop strategies to attenuate "second impact syndrome," a devastating complication associated with a second episode of mild TBI in humans.
